While several studies have investigated the effects of short-term air pollution on cardiovascular disease, less is known about its effects on cerebrovascular disease, including stroke and transient ischaemic attack (TIA). The aim of the study was to assess the effects of short-term variation in air pollutants on the onset of TIA and minor stroke. Methods: We performed secondary analyses of data collected prospectively in the North West of England in a multi-centre study (NORTHSTAR) of patients with recent TIA or minor stroke. A case -crossover study was conducted to determine the association between occurrence of TIA and the concentration of ambient PM 10 or gaseous pollutants.
Background
Epidemiological studies have consistently shown associations between increased ambient air pollution and increased cardio-pulmonary mortality, morbidity and emergency department visits [1] . Admission rates and emergency department visits for stroke are increased following short-term variations in ambient particulate and gaseous pollution [2, 3] and few studies have reported effects of short term changes in air pollution on TIA and stroke [4] [5] [6] .
The biological mechanisms underlying the link between air pollution and stroke are unclear. Cerebrovascular risks of air pollution may be related to increased coagulability of blood [7, 8] , destabilization of atheromatous plaques [9] or release of inflammatory mediators [10] , all of which are associated with particulate air pollution [1] .
An association between ambient air pollutants with stroke morbidity and mortality has been supported by some studies [11] [12] [13] [14] [15] but not others [16] [17] [18] . These discrepancies are probably accounted for by differences between populations studied (including different levels of air pollution) and methods of case ascertainment. Literature is scant on the effect of air pollution on the development of TIA and minor stroke.
Air pollution is a modifiable risk factor and understanding the risks attributed to it would enable preventive health measures to be taken. In this study, we used an existing data set, the North West of England Transient Ischaemic Attack and Minor Stroke (NORTHSTAR) study of patients with TIA or minor stroke in the North West of England. Our hypothesis is that short-term changes in ambient air pollution are related to onset of TIA and minor stroke. The primary objective of the study is to investigate the effects on the onset of TIA and minor stroke of short-term exposure to PM 10 and the following gases: NO, NO 2, CO, SO 2 and ozone.
Methods

Study population
The NORTHSTAR study has previously been described in detail [19] . Briefly, 709 patients with incident TIA or minor stroke were prospectively recruited from TIA services in North West England between 2003 and 2007. These patients attended one of five centres: Salford, Central Manchester and Trafford in Greater Manchester, and Walton and Aintree Hospitals in Liverpool. This multicentre study was designed to investigate the prognostic role of peripheral and genetic inflammatory markers in patients with recent index TIA and minor stroke [19, 20] .
TIA was defined as a clinical syndrome of focal loss of cerebral, or monocular function with resolution of symptoms within 24 h [21] . Minor stroke was defined by the same clinical syndrome, but with symptoms lasting greater than 24 h, and only minimal residual functional impairment [22] . Patients were recruited either from TIA clinics, presentation to emergency room or following admission to stroke units. Participant inclusion criteria included diagnosis of TIA and minor stroke confirmed by a consultant stroke physician or neurologist, symptom onset within the preceding 6 weeks, age >18 years without significant co-morbidity or disability. Baseline demographic data, including home postal address, vascular risk factors, medications, smoking status and date and time of qualifying index event were recorded at study entry. Ethical approval for the original project was obtained from each local ethics committee and approval for the current study was obtained from the Central Manchester Research Ethics Committee and Salford Royal NHS Foundation Trust.
Environmental data
Environmental air quality data were obtained from the UK National Air Quality Archive available at http:// www.airquality.co.uk/index.php. Hourly concentrations data on the following pollutants were acquired from 8 central monitoring stations in Greater Manchester and Liverpool: PM 10 , NO, NO 2 , CO, SO 2 and ozone. The patients participating in this study were from five different centres clustered into two main groups: Manchester and Liverpool. As these two regions are geographically distinct, separate exposure estimates were made for each region.
Data on meteorological confounders (temperature and relative humidity) were obtained from the UK Meteorological Office database [23] . Data for Greater Manchester were obtained from the Ringway station, situated 17 km south of Manchester city centre. For Liverpool, data were obtained from the Crosby station, 13 km north of Liverpool town centre. Data on weekly influenza epidemics in the region were provided by the regional Health Protection Agency (http://www.hpa-nw. org.uk/index.htm).
From the hourly data, a 24-h average exposure parameter was created, except for ozone, for which a daytime 8-hour average was used. Four exposure lags were evaluated for the environmental data, comprising data for the same day as the TIA or minor stroke (lag 0) and the three immediately preceding days (lag 3 to lag 1).
Missing data for some days were imputed by multiple imputation, by incorporating data from other pollution monitors as well as meteorological variables. The proportion of missing values ranged from 2.3% to 49% for air pollutants and less than 1% for meteorological parameters. Where more than 25% were missing for a particular pollutant from a particular monitor, this was excluded from the imputation.
Statistical analysis
The analysis was conducted using a case-crossover design [24] with a time stratified referent selection approach. The case-crossover design is a variant of the matched case control study and consists of only cases, which serve as their own controls in the analysis. Exposure data on the day of the health event were studied in relation to the index and compared with selected referent days. Casecrossover design inherently controls for fixed individual characteristics like gender and race, and allows the evaluation of effect modification by individual characteristics. In addition, the design controls for seasonal confounding and time varying factors [25] . A variety of referent selection schemes have been used in case-crossover design, such as unidirectional, symmetric bidirectional, fullstratum bidirectional and time stratified sampling [25] [26] [27] . Janes et al. suggest using the time stratified approach as a standard method in selecting referent periods, as it ensures unbiased estimation and avoids bias resulting from time trends in the exposure [25] .
For reported date of onset of each TIA or minor stroke event, three to four control periods were selected in the same calendar month. The exposure levels of each case of TIA and minor stroke were compared with exposure on referent periods. For instance, if an individual had TIA or minor stroke on the 16 th July, days 2 nd , 9 th , 23 rd and 30 th July constituted a control set of four weekdays. In time stratified case-crossover design, the control periods for a given subject are restricted to the same weekday, month and year, which controls for season, longterm trends and day of the week [25] .
To explore the relationship between each ambient air pollutant and TIA or minor stroke, conditional logistic regression analysis was performed. Adjusted odds ratios (OR) were estimated, each scaled to the IQR (inter quartile range) increase of each pollutant. The statistical model was adjusted for meteorological variables (temperature and relative humidity), UK public holidays and influenza epidemics. We first constructed a baseline model by incorporating these confounder variables without the air pollutants. We used a natural cubic spline with three degrees of freedom to model the nonlinear effect of temperature and relative humidity. We used the Akaike Information Criterion to determine the goodness of model fit and choose relevant predictors that should be included in the final model.
In a further analysis, the effect of two pollutants was explored to evaluate the potential confounding effect of co-pollutants and to identify which of the pollutants remained stable in explaining the relationship with the outcome. This was achieved by first analysing the independent effect of each pollutant and then modelling the effects of two pollutants together. Effect modification by age (cut-off at 65 years), gender and season (October to March vs. April to September) were assessed.
In a sensitivity analysis we employed a bi-directional case-crossover referent selection scheme [25, 26] and evaluated exposure of cases 7 and 14 days before and after the onset of TIA.
Effect estimates were provided with 95% CI and statistical significance of p < 0.05 was used. The statistical analysis was carried out using Stata version 10.0 (Stata Corp, College Station, Texas).
Results
Characteristics of the study population and exposure
The analysis was based on 709 patients with TIA or minor stroke, 374 (52.8%) from Liverpool and 335 from Manchester. Baseline participant characteristics are shown in Table 1 . The participants were mostly elderly patients with an age range of 27-93 years and a mean of 66.8 ± 11. About 62% of the participants were above the age of 65. Their body mass index (BMI) ranged from 14.8-55 kg/m 3 . The majority of the participants (99%) were white and they were predominantly male. One third were current smokers. The majority were prescribed medications such as antihypertensive medication (79%), aspirin (74%), statins (55%) and treatment for diabetes (11%) at the time of study entry.
Mean concentrations of CO, PM 10 , NO and NO 2 were high in Manchester, whereas those of SO 2 and ozone were higher in Liverpool ( Table 2 ). The daily mean concentration of CO and NO in Manchester was roughly twice that of Liverpool and mean concentration of NO 2 was 10 μg/m 3 more than that measured in Liverpool. On the other hand, the concentration of SO 2 was more than twice as high in Liverpool as in Manchester. The table also shows large daily variations in the distribution of all measured pollutants and temperature during the study period for both regions.
The pairwise correlation coefficients for average daily pollutants and meteorological variables for Manchester are shown in Table 3 . Strong correlation was observed between NO and CO (r = 0.89). Similarly, a high correlation between CO and NO 2 with r = 0.75 was observed.
Ozone was negatively correlated with all other pollutants. The largest negative correlation of ozone was with NO 2 (r = -0.68). Ambient temperature was negatively correlated with all pollutants except ozone. Similar correlation pattern in air pollutants and meteorological variables was observed for data from Liverpool.
Associations with TIA and minor stroke
The associations between ambient pollutants and the occurrence of TIA and minor stroke are shown in Table 4 . For Manchester data, a statistically significant positive association was observed between NO and TIA and minor stroke for lag 3 with estimated OR of 1.06 (95% CI: 1.01-1.11%). Effects of similar or larger magnitude which were not significant were observed for all other pollutants except ozone, for lag 3 in Manchester. For example, an IQR increase in CO was associated with an OR of 1.08 (95% CI: 0.97-1.19), whereas an IQR in PM 10 was associated with an OR of 1.12 (95% CI: 0.99-1.27). Similarly, marginally non-significant effects were observed with various pollutants at different lags in both cities. In a single pollutant model, no statistically significant positive association was found in Liverpool for any pollutant, apart from a negative effect of PM 10 at lag 1 and NO for lag 3. All effect estimates at lag 3 for Liverpool data were below unity, except for ozone. A large but nonsignificant effect of ozone was observed in both regions, with OR of 1.15 (95% CI: 0.94-1.4) for Manchester at lag 0 and 1.17 (95% CI: 0.95-1.44) for Liverpool at lag 3.
Effect modification
Evidence of effect modification by age, gender and season was observed for both centres (data not shown). In participants above the age of 65 from Manchester, the OR of TIA and minor stroke for an IQR increase of CO and NO at lag 3 were 1.19 (95% CI: 1.03-1.38) and 1.11 (95% CI: 1.03-1.19) respectively when compared to those below 65. Most effect estimates for those below 65 years were close to unity and were non-significant. In addition, an increased risk of TIA and minor stroke in males was observed at lag 3 in association with NO, with an OR of 1.09 (95% CI: 1.01-1.17). Large but non-significant effects of CO, PM 10 and NO 2 for lag 3 were observed for Manchester data. Finally, an increased risk of TIA and minor stroke in association with the cold season was observed for both Manchester and Liverpool data.
Two pollutant model
After modelling each pollutant individually, a two-pollutant model was fitted to estimate the independent effect of each pollutant at lag 3 where significant association was observed with NO ( Figure 1 ). The figure reveals that the effect of NO remained stronger when analysed in combination with CO and SO 2. The effect of NO was borderline significant with NO 2 and ozone, and non-significant with PM 10 ; however, the estimates were above unity and slightly larger than that of PM 10 .
Results obtained from bi-directional referent selection scheme revealed comparable effect estimates to those obtained from the time stratified design (Additional file 1, Table S1 ).
Discussion
This study examined the short-term effects of ambient air pollutants on the risk of TIA and minor stroke in a cohort of patients attending TIA services in five UK centres. To date, this is the first study to have specifically investigated the effect of ambient air pollutants on the occurrence of TIA and minor stroke. Its main finding is that NO may be associated with the onset of TIA and minor stroke. A statistically significant association between the occurrence of TIA and minor stroke and exposure to NO with a 3-day lag was observed for the Manchester dataset. In Liverpool, there was no significant positive association between TIA and minor stroke and any of the pollutants, but negative association were observed with PM 10 and NO at lag 0 and 3 respectively. The study also found effect modification by age, gender and season. Measured pollutants have had more pronounced effects in those above 65 years old, in male and in cold months than in participants below 65 years, female and warmer months respectively. Reported regression results of the study are based on statistically significant associations, but a statistically nonsignificant association does not necessarily mean that a relationship does not exist. This study has found several marginally non-significant associations between various pollutants and TIA in both cities, where the lack of significance might be attributed to the small study size in the two centres.
The observed association between NO and TIA and minor stroke could be attributed to chance, due to multiple testing undertaken in the study. We have performed a total of 48 logistic regression analysis and with a conventional 5% significance level, one would expect some of these estimates would achieve this level of 'significance' occurred by chance. Thus, the interpretation of the results needs caution and the results need to be corroborated by other studies.
The findings of earlier studies that investigated associations between different subgroups of stroke mortality and morbidity are inconsistent, with some studies reporting increased risk of stroke mortality [11, [28] [29] [30] , and morbidity [2, [4] [5] [6] [31] [32] [33] , while others found no association [16, 18] . These variations may be attributed to the concentration level (and exposure gradient), composition and distribution of the exposure parameter, the degree of exposure misclassification, type of studied pollutant, underlying health status of study population and the method of ascertainment of study outcome.
Although several studies have investigated associations between ambient air pollutants and stroke, fewer have studied these pollutants on TIA [4] [5] [6] . A recent US study found an association between same-day and previous day exposure to fine particles and ozone and ischaemic stroke, as well as TIA [5] . A Canadian study found a positive association between same-day exposures to SO 2 and increased emergency department visits for TIA in the warm season [6] . Similarly, a French study reported a significant association between ozone exposure and risk of TIA at lag of one day [4] . While our study has found a positive association of NO with TIA, none of these three studies have investigated the effect of NO. Furthermore, the effects of NO in our study was observed at lag of 3 days, while the other studies found association on the same day or at lag of one day.
Some studies have found associations between ambient air pollutants and certain stroke subtypes in towns where the concentrations of air pollutants were relatively high. Tsai and others found associations of particles and gases with ischaemic and haemorrhagic stroke when the ambient temperature was above 20°C in Kaohsiung, Taiwan [12] . While most studies have found stronger evidence for the association of ambient air pollutants with ischaemic stroke, a few have reported positive associations of haemorrhagic stroke with ambient PM and gases [12] or total suspended particles [11] .
Nitrogen oxide emissions occur largely from motor vehicles in the form of NO, which is a major primary pollutant and precursor of NO 2. NO typically comprises about 95% of oxides of nitrogen (NO x ) from a combustion source [34] . Because of the high correlations among measured pollutants in the current study, it is difficult to separate their individual effects; however, NO may be associated with TIA and minor stroke more than the other pollutants as its effect persisted in a two pollutant model. However, we are unable to explain the contradictory negative effect of NO in Liverpool. Perhaps differences in the overall pollution profile and composition might be responsible for the observed effect. The biological mechanism by which NO might be associated with an increased risk of stroke or TIA has not been elucidated so far and there is little information from published literature. Various studies have linked NO 2 to increased morbidity [18, 35] , yet related substances like NO are uncommonly investigated in most epidemiological studies. Those few studies that have included NO as an exposure metric have highlighted its positive associations with the respective health outcomes [31, 36] as well as a higher correlation with UFP [36] which suggests that NO is an important pollutant to be considered in epidemiological studies.
NO, through a previously unrecognized mechanism, may be responsible for the observed association. NO is endogenously generated and involved in various regulatory and inflammatory functions of the vascular endothelium. It is possible that ambient NO influences bioavailability of endogenous NO. Inhibition of NO and the concomitant changes are known to contribute to essential hypertension, myocardial ischaemia, atherogenesis, thrombosis, insulin resistance and heart failure [37] . A few experimental studies have shown that exposure to nanoparticles and diesel exhaust, which contains significant amounts of NO and UFP, is associated with impairment of vascular function and vasoconstriction, possibly through inhibition of endogenous NO synthesis [38] [39] [40] . A recent experimental study which has compared the vasculotoxic responses to various combustion source pollutants has found a significant role of monoxide gases of NO and CO in vascular toxicity [41] .
It is possible that NO is a surrogate for other unmeasured pollutants such as ultrafine particles (UFP) [42] . A study in three UK conurbations, including Manchester, has shown a strong correlation between UFP and NO x (r = 0.85) and CO (r = 0.78) [43] . A Finnish study reported a significant association between UFP and reduced peak expiratory flow rate (PEFR), a measure of lung function [36] . In that study, UFP was highly correlated with NO (r = 0.77) and the effect of UFP on PEFR diminished in a two-pollutant model when paired with traffic-related gaseous pollutants CO, NO and NO 2 [36] .
One strength of our study is that the diagnosis of TIA or minor stroke was confirmed by a consultant stroke physician or neurologist independent of the study. Most previous studies have used hospital admission or discharge diagnostic code data to establish diagnosis which carries a significant risk of misclassification [44, 45] . The study has a number of limitations. Firstly, participants were recruited at first presentation to secondary care services which in some cases was as late as 6 weeks and this might lead to recall bias. This was standard clinical care in the UK at the time (2003-7) but may also have introduced selection bias as higher-risk patients may have had a subsequent stroke prior to presenting to TIA services. Participants included in this study may therefore likely to represent lower-risk cases of TIA and minor stroke. There could be a differential effect of pollution on low and high risk cases which would affect the generalizability of the results. Secondly, the exposure data were obtained from fixed central site monitors which do not necessarily reflect personal exposure, especially for traffic related gaseous pollutants that are not spatially homogenous like NO and NO 2 and this may have led to exposure misclassification. Additionally, as most individuals spend most of their time indoors, use of exposure data from outdoor central monitors will introduce exposure measurement error. However, such error is likely to be non-differential and would be expected to underestimate the observed effects [46] . Study numbers are also relatively low, particularly as for geographic reasons they had to be divided into two populations.
